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Introduction
Activationofsmallmoleculeshasbeenandcontinuestobeofextremeinterest
toorganometallicchemists.Thisisespeciallytruewithactivationof inert
atmosphericmolecules.Someofthemostattractivetargetsforactivationi clude
dinitrogenandcarbondioxide.TheabundanceofbothCOzandNzmakethemquite
attractiveaschemicalfeedstocks.Activationandincorporationfcarbondioxide
intothechemicalfeedstockisimportantforanumberofreasons:(1)carbondioxide
is inexpensive;(2)it isgenerallyconsideredtobenontoxic(3)it isconsidereda
greenhousegasandcontrollingtheamountpresentintheatmosphereisdesirableas
it isbelievedtobecontributingtoarapidchangeinclimateacrosstheearth(global
warming).IncorporationofCOzintochemicalmoietiesmayprovidesomebalanceto
theincreasingCOzoutputviafossilfuelcombustion.l
IntroductionofNz intochemicalfeedstocksisalsoofsignificantinterest.The
abundanceandavailabilityofNzmakesitattractivetromaneconomicstandpoint.
Otherconsiderationsi cludethefactthatNzisaninert,non-toxicgas.Perhapswhat
makesactivationandfunctionalizationfNzmostinterestingisthesignificantrole
thatitholdsinbiology.It isnosecretthatchemistsandbiologistsalikeyearnto
mimicmanyofthefundamentalprocessthatbiologicalsystemscarryoutwithsuch
ease.Forexample,nitrogenasesreadilyfixandfunctionalizeatmosphericNzz.The
structureforoneofthesenitrogenases,FeMocofactorhasbeendeterminedandwell
studied;yet,theactualmechanismsbywhichNzisfixedandreducedtoNH3remain
unknown.FeMocofactor,perhapsthemosthoroughlystudiednitrogenase,hasbeen
shownbycrystallographytohousebothironandmolybdenumcentersintheactive
n- --
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site.Despitesignificantresearcheffortsandthoroughdeterminationf structure,the
mechanismthroughwhichNzisboundandconvertedintoammoniahasyettobe
elucidated.3
Despitealackofcompletemechanisticunderstandingofnitrogenases,work
continuesonproductionofNzboundmetalcomplexes;it isreportedthathundredsof
Nzcomplexesareknown.3Fewofthesecomplexeshaveledtoanyresult
approachingthesignificanceoftheHaber-BoschprocessforconversionofNzinto
NH3.OnenotablexceptionisthediscoveryofMo systemswithtriamidoamine
ligandswill catalyticallyreduceNztoNH3inthepresenceofaprotonsourceanda
strongreductant.4Thoughthissystemrepresentsamajorsteptowardpractical
homogeneousconversionofNztoNH3,theunderstandingofthemechanismby
whichthisoccursisnotcompletelyunderstood.However,it is likelythathisvery
lackofunderstandingwill continuetodrivethesynthesisofNzboundmetal
complexes.
COzisanotherexampleofaplentifulsmallmoleculethatisdifficulto
activate.DespitetheabundanceofCOz,therearealimitednumbedofsynthetic
processesthatakeadvantageofit asastartingmaterial.It iswellknownthatCOzis
athermodynamicallyinertmolecule.It isthisthermodynamicstabilitythatmakes
metalcatalystsorreagentsnecessaryfortheincorporationfCOzintoorganic
molecules.
AmongthemostpowerfulreactionsincorporatingCOzarecatalyticC-Cbond
formingreactions.Theproductsofsuchreactionsincludelactones,pyrones,esters,
andcarboxylicacids.6CycloadditionsinvolvingCOzandmetalimidospeciesarenot
4 300
verycommon.Of thosethatareknown,severalresultintheformationofN,Obound
carbamatecomplexesorN,N-boundureates.6,7,8Ourgrouphasdiscovereda
zwitterionictitaniumimidospeciesthatundergoescycloadditionreadilywithCOz
andcleanlyreleaseorganicproductsuchascarbodiimidesandisocyanates.
ReportedhereinisthecleanutilizationofCOzin formationofbothisocyanatesand
carbodiimidesmediatedbyatitaniumimido-zwitterion,(Nacnac)Ti=NAr(j.!-
CH3B(C6Fs)J)1 (Nacnac-=[ArNCCBu)hCH,Ar =2,6-iprC6H3)'Formationof
isocyanatesistheresultof ligandmetathesiswithCOz;thusresultinginformationof
(Nacnac)Ti=O(j.!-B(C6Fs)3)(CH3)2.
Additionallyreportedare[PNPNb(CHzC(CH3)z](j.!-Nz),3,and
[PNPNbCh](j.!-Nz),4,(PNP=N[2-P(CHMez)i-4-Me-C6H3hlThesecomplexesare
representativeofthefirstnecessarystepsforactivationandfunctionalizationfNz.
WhileseveralexamplesofNz activationbyNbcontainingcomplexesareknown,9-13
verylittleprogresshasbeenmadeintheareaofcatalyticonversionofNzinto
.
d zorganIcpro ucts.
Resultsanddiscussion
SchemeI-Reactionof(Nacnac)Ti=NAr(p-CH3B(C6Fsh)(1)withCO2.
Ar
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Reactionofcomplex1with1atmosphereofcarbondioxideresultedinclean
formationof2,6-diisopropylphenylisocyanateand(Nacnac)Ti=O(~-B(C6F5)3)(CH3),
2.TheisocyanateformsvialigandmetathesisofTi=N-ArmotifwithCO2.
Formationof2ratherthananoxo-dimerspeciescanlikelybeattributedtothe
presenceofthebulkyB(C6F5)3.Crystallographicdatashowstheformationofa
Lewisacid-baseadductbetweenelectrondeficientB andO. Thisconnective
preferenceoverthatof1 is likelytheduetothestrengthoftheB-O adductoverthat
ofB-C. Leavingthereactionmixtureof2anddiisopropylphenylisocyanate
unseparatedforseveralweeksresultsinactivationofthemethinecarbonofNacnac.
bytheisocyanatecarbon.Theresultingcomplexshowswhatisessentiallyatripodal
ligandbondedtotitaniumthroughthenitrogensofNacnac.andtheoxygenofthe
isocyanate5.
Scheme2- Reactionof1withDiisopropylphenylisocyanate.
1 2
wAr
NanacTi-:::/ isocyanate.
CH3 1atm
\
B(CsFsh
~(CsFsh
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Nacnac.=[ArNC(tBu)]2CH] Ar =2,6)PrC6H3
Placing1equivalentofdiisopropylphenylisocyanateinasolutionof1results
ingradualformationofbis(2,6-diisopropylphenyl)carbodiimideconcomitantwith2.
LigandmetathesisofisocyanatewiththeTi=N-Arfragmentresultsinformationof
thecarbodiimide.Facileformationofsymmetricalcarbodiimideviametathesisof
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complex1canbeeasilyappliedtothesynthesisofunsYmmetricalrbodiimides
whichhavealimitednumberof practicalpreparations.14
Activationof N2
Scheme3- Synthesisof3
PNPNbCI3 +Li CH2C(CH3h ~ PNP (CH2C(CH3h)Nb=N-N=Nb (CH2C(CH3h)PNP
3
Scheme4- Synthesisof4
PNPNbCI3 +KC8 . PNP(ClhNb-N===N-Nb (ClhPNP
4
ActivationofN2wasachievedbyplacingPNPNbChinthepresenceof
reductantsinanatmosphereofdinitrogen.Theformationof3wassomewhat
unexpected.However,therealizationthatareducingspeciesuchasneopentyl
lithiumwouldfacilitateactivationofN2ledtoattemptswithothereductants.TheN-
N bondlengthin3is 1.286Aandin4it is 1.272A. Bothoftheselengths
demonstratesignificantreductionoftheN-N triplebondsuggestingthatN2hasbeen
activatedfromitsmolecularform.
Complex3 showsanEPRspectrumcharacteristicofasystemwithone
unpairedelectron(fig.1)suggestingthateachniobiumcenterharborsanunpaired
electronwithnocouplingthroughtheN2bridge.Complex4hasbeenstudiedbyX-
raydiffractionforitsconnectivity,buthasyettobestudiedforelectronicand
magneticproperties.
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Experimental
GeneralConsiderations
All Reactionsinvolving3and4werecarriedoutinaM. BraunLabMaster
double-dryboxunderanatmosphereofpurifiednitrogen.Anhydrousn-hexane,
pentane,toluene,andbenzenewerepurchasedfromAldrichinsure-sealedreservoirs
(18L) anddriedbypassagethroughonecolumnofactivatedaluminandoneofQ-5.
Diethyletherwasdriedbypassagethroughtwocolumnsofactivatedalumina.THF
wasdistilled,undernitrogen,frompurplesodiumbenzophenoneketylandstored
oversodiummetal.DistilledTHFwastransferredundervacuumintobombsbefore
beingpumpedintoadrybox.C6D6andwaspurchasedfromCambridgeIsotope
Laboratory(CIL),degassed,anddriedover4Amolecularsieves.
All reactionsinvolving(1)and(2)werewerecarriedoutinaM. BraunLab
Masterdryboxunderanatmosphereofpurifiedargonorunderhigh-vacuumstandard
Schlenktechniquesunderanargonatmosphere.Thedryboxcontainedno
coordinatingsolventsuchasdiethyletherorTHF. Anhydrousn-hexaneandpentane
werepurchasedfromAldrichinsure-sealbottlesandintroduceddirectlyintothe
drybox.C6DsBrwaspurchasedfromAldrich,placedundermultiplefreezepump
thawcyclesandthenintroducedintotheglovebox. 19FNMR, lH, llB, andl3CNMR
spectrawererecordedonVarian400or300MHzNMR spectrometers.Room-
temperatureX-bandEPR spectrawererecordedonaBrokerEMX spectrometer.
AcquisitionwascarriedoutusinganintegratedWIN-EPRsoftwarepackage(Broker).
X-raydatawerecollectedonaBrokerSMART6000diffractometerunderN2(g)at
lowtemperatures.
-- -- -.- ---
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Nacnac.(Nacnac.=[ArNCCBu)hCH,Ar =2,6-iPrC6H3)wasprepared
accordingtotheliterature.lsLi(PNP)waspreparedbyslightmodificationof
literaturepreparation.16
Synthesisofdiisopropylphenylisocyanateand2from1
Underanatmosphereofargon,aSchlenkflaskwaschargedwith1(625mg,
0.572mmol)dissolvedinfluorobenzeneandcooledto77K. Theflaskwasthen
placedunder1atmosphereofCO2.After2hours,theredsolutionhadlightened
significantlytoashadeoforange.After2hours,theflaskwasreintroducedintothe
gloveboxunderanatmosphereofargon.Totheschlenkflaskwasaddedhexane.
Thesolutionwasthencooledto-35°C.After2days,2wasobtainedasyellow
powder344mg.A secondcropof 135mgwasisolatedafterconcentrationa d
coolingofthesolutionforatotalyield479mg (0.438mmol,76.5%yield).
Concentrationftheremainingsolutionrevealedayellow-greenresidue.The
isocyanatewasisolatedbydissolvingtheyellowgreenresidueinhexanefollowedby
filtration.Thesolutionthatresultsisstrippedofvolatilestorevealdiisopropylphenyl
isocyanateas89mg(.438mmol,75%yield)ofalightyellowresidue.
2: IH NMR (23°C, 299MHz,C6DsBr):b7.326- 6.861(m- aryl),6.82(s- (tbu)C-
CH-C(tBu)),2.86(septet- isopropyl-CH3CHCH3),2.12(septet- isopropyl-
CH3CHCH3),4.37(s- Ti-CH3), 1.34,1.169,1.050,0.945(d isopropylCH3),1.11(s
- tBu).lIB NMR (23°C, 399MHz,C6HsF):b-15.871(s (C6Fs)3-B-O)
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Diisopropylphenylisocyanate:IH NMR (23°C, 299MHz,C6D6):()6.995- 6.898
(m- aryI6H), 3.093(septetet- isopropylCH3CHCH34H), 1.061(d - isopropyl
CH3).EI m/z:203.13.
Structureof2(Nacnac)Ti=O(fJ-B(C6Fsh)(CH3)- Fluorinesandhydrogensnotshownfor
simplicity.C(7)andC(27)- ipsoarylcarbons;arylsremovedfor clarity
Table 1-Selectedistancesandanglesfor2
1.732A
1.524A
2.091A
172.32°
112.02°
.-----.--
- - .--
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Synthesisofbis(2,6-diisopropylphenyl)carbodiimidefrom1and
diisopropylphenylisocyanate
In agloveboxunderanatmosphereofargon,anNMR tubewaschargedwith
abromobenzenesolutionof 1(50mg,0.033mmol)andisocyanate(7mg,0.034
mmol).After72hours,1HNMR ofthemixturerevealedpeakscharacteristicofthe
titanium-oxospecies,2,andbis(2,6-diisopropylphenyl)carbodiimide.The
carbodiimidewasseparatedfromthemixtureanalogouslytoseparationof isocyanate.
IH NMR (23°C, 299MHz,C6DsBr):87.395-7.041 (m-3H),3.65(septet- 2H),
1.322(doublet- 12H). EI m/z: 363.2790
SynthesisofPNPNbCh
50mg(1equivalent)ofNbCI4(THF)2wasaddedtoavialanddissolvedin
toluene.A secondvialwaschargedwith57mg(1equivalent)LiPNP dissolvedin
toluene.Bothvialswerecooledto-35°C.ThesolutionofLiPNP wasadded
dropwise,slowlytothestirringsolutionofNbCI4(THF)2.Thecolorchangetowine
purplewasevidentimmediately.Thesolutionwasfilteredafter24hoursfollowedby
concentrationfsolventandlayeringwithhexanes.Smallpurplecrystalsformedon
thebottomofthevialwithin24hoursofcoolingto-35°C.
Characterizationincomplete
EPR: 10linepattern(figure2)
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Synthesisof3
InagloveboxunderanatmosphereofN2,atoluenesolutionofPNPNbCh(60
mg,0.096mmol)wasaddedtoavial.Toasecondvialwasaddedatoluenesolution
ofneopentyllithium(22mg,0.29mmol).Bothvialswerecooledto-35°C. Tothe
stirringsolutionofPNPNbChwasaddedthesolutionofneopentyllithiumdropwise.
Thecolorofthesolutionrapidlybecamegreen-browni color.Thesolutionwas
allowedtocometoroomtemperatureandstirfor24hours.Thesolventwasremoved
andthesolidwasdissolvedinpentaneandthenfiltered.Tothepentanesolutionwas
addedafewdropsofTMS2O.Afterseveraldaysat-35°C,blackcrystalswere
formedalongthebottomofthevial.
EPR (10linepattern).IH NMR (Paramagnetic)
Structureofcomplex3- Hydrogensnotshownforsimplicity;diisopropylsimplifiedtomethyl;
tolylsimplifiedtophenyl.InversioncenteraboutN(2)-N(2A)bond.
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Alternateviewofcomplex3- Hydrogensnotshownfor simplicity;tolylsimplifiedtoethyl
linkage;isopropylsimplifiedtomethyl.InversioncenteraboutN(2)-N(2A)bond.
Table2- SelectedBondLengthsandAnglesfor3
1.286A
1.837A
172.510
2.102A
140.160
13 309
Synthesisof4
In agloveboxunderanatmosphereofN2,avialwaschargedwith50mgof
PNPNbChdissolvedinTHF. Tothisstirringsolutionwasadded11mgofKCs. The
solutionrapidlyturnedbrown.After24hours,thesolventwasremovedandthesolid
wasdissolvedinEhOandfiltered.Blackcrystalswereobservedinthevialafterthe
solutionwascooledto-35°Cfor2days.
CH3Ai
CH3)
Structureof4-Hydrogensomittedfor clarity;isopropylsimplifiedtomethyl;tolylsimplifiedto
ethyllinkage.InversioncenteraboutN(33)-N(33A)bond.
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CU3A) C1\3!
Alternateviewof4-Hydrogensomittedfor clarity.Isopropylsimplifiedtomethyl.Tolyl
simplifiedtophenyl.
Table3- SelectedBondLengthsandAnglesfor4
1.850A
1.272A
2.415A
2.488A
172.36 0
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~
Structureof5- Hydrogenatomsomittedfor clarity.N-C;psoshown;N-arylgroupsof
Nacnac-omitted.
16 312
Alternateviewof5- All hydrogensomittedforclarity.All fluorinesofB(C6Fs)3exceptF(62)
notshown.N-arylofNacnac-omittedfor simplicity;N-C;psoshown.
Table3- SelectedBondLengthsforcomplex5
1.968A
1.769A
2.280A
1.477A
2.145A
2.139A
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Conclusions
Wehavesynthesizedazwitterionictitaniumimidocomplexcapableof
incorporatingCO2intoisocyanatesandcarbodiimides.Thissystemisuniquefrom
manyothermetalimidospeciesinthatitsreactivitywithCO2resultsinformationof
isocyanatesandanon-bridgingtitanium-oxoc mplexratherthanmetalbound
carbamatesandureates.
Futureworkwiththiscomplexwill bedirectedatdevelopinganefficient
cyclethatallowsthezwitterionicmidospecies,1,toberegeneratedfromthe
titanium-oxo2 speciesconcomitantwithformationofisocyanatesorcarbodiimides.
Developmentofsuchacyclemakes1potentiallyviableasacommercialreagentfor
recyclingCO2intousefulorganicproducts.
WehavealsosynthesizedtwodinuclearN2bridgingcomplexesthathave
activatedinitrogen.Futureworkforthesecomplexeswill includeattemptsocleave
theN-N bondtoformtheterminalnitridespecies.Thenextpursuitinvolves
functionalizationatthenitrogens.SuccessfulfunctionalizationftheN-Nbridgewill
allowustopursueacatalyticprocessinwhichtheparentPNPNbChcomplexcanbe
regenerated.
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WinEPR Acquisitioo
Figure1- EPR Spectrumof3
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Figure2- EPR SpectrumofPNPNbCh
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